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ABSTRACT Retinoic acid receptor 13 (RAR18), which
codes for a nuclear receptor for retinoic acid, is localized in a
chromosomal region frequently deleted in lung cancer cells.
The gene is expressed in normal lung tissue and in the majority
of the cell lines derived from lung tumors but not in most of the
lines derived from lung tumors with epidermoid characteris-
tics. To study the possible role of RAR.8 in growth control of
epidermoid lung tumor-derived cells, transfectants expressing
RARI3 were generated from nonexpressing epidermoid tumor-
derived cell lines. Four clones were derived from line CALU-1,
three of which showed a 20-60% increase in doubling time in
the presence of retinoic acid. Parental and control-transfected
cells were unaffected or slightly stimulated. All four clones
expressing RARj3 were less tumorigenic in nude mice than were
the untransfected or control-transfected cells, with about a
50% incidence of take vs. 95%. When tumors did develop from
RAR1-positive cells, they showed a reduced rate of growth, an
increased latency, and, in six of seven tumors tested, a much
reduced level ofRARfi expression. Transfectants derived from
a second tumor line, H157, also showed a markedly reduced
incidence oftake in nude mice. Together with the known effects
of retinoic acid on differentiation and carcinogenesis, our
results support the hypothesis that RAR.3 functions as a tumor
suppressor gene in epidermoid lung tumorigenesis.

steroid-thyroid superfamily of receptors. However, none of
these genes is as closely associated with nonrandom chro-
mosomal rearrangements in lung cancer as is RAR/3.
The circumstantial evidence implicating RARf in epider-

moid tumorigenesis led us (2) and others (13, 14) to analyze
RARf3 in various cell lines. The gene was not expressed in
most cell lines derived from lung tumors with epidermoid
characteristics, even though one or more copies of the gene
remained intact in the cell. Normal lung tissue and most ofthe
cell lines derived from other types of lung tumors expressed
RAR,6. The a and yforms ofRARs were expressed in all lung
cancer types (2, 14). These results suggested that RAR/3 is
involved in epidermoid lung tumorigenesis and prompted us
to test the hypothesis directly. We have transfected an
expression vector bearing the RAR/3 cDNA under the control
of a simian virus 40 (SV40) promoter into cell lines derived
from epidermoid lung tumors that do not express RARI3.
Transfectants expressing RARE8 generally grew at reduced
rates in the presence of RA and were markedly less tumor-
igenic than the parental cells when injected into nude mice.
Moreover, tumors that did arise from one of the sets of
transfectants generally showed a clear reduction in RARf
expression compared to the corresponding cells in culture.

Lung cancer comprises a group of highly malignant diseases
of several distinct histologies. Three types, adenocarcinoma,
epidermoid (or squamous), and large cell carcinoma, are
considered as a group to be different clinically and biologi-
cally from the fourth major class, small cell cancer (1). All
types are characterized by a nonrandom heterozygous loss of
a region of the short arm of chromosome 3 (3p-) (1). The
frequency of this loss has generally been found to be higher
in epidermoid tumors than in other non-small cell tumors (2),
especially in the distal region (3), suggesting the existence of
an epidermoid-specific tumor suppressor gene on 3p (2). This
loss has been reported in premalignant squamous dysplasia,
suggesting that this change is an early event in epidermoid
tumorigenesis (4).
One of the genes in the distal region of 3p is RARB, which

encodes a nuclear retinoic acid receptor (RAR) (5, 6). This
gene is ofgreat interest because RA profoundly affects many
differentiation and developmental processes (7), and it has
been particularly implicated in differentiation and homeosta-
sis of the bronchial epithelium. RA deficiency, which could
be functionally equivalent to loss of a copy of a RAR gene,
has been associated with bronchial squamous metaplasia in
animals (8, 9) and, in humans, with a higher incidence of
epidermoid lung cancer (10). Several other genes encoding
RARs are known, including RARa, RARy (11), and another
family called RXRs (12), all of which are members of the

MATERIALS AND METHODS
Cell Culture and Transfections. The epidermoid lung tu-

mor-derived lines CALU-1 and H157 were obtained from the
American Type Culture Collection and A. Gazdar (National
Cancer Institute, National Institutes ofHealth), respectively,
and were maintained in a-medium supplemented with 10o
fetal calf serum (GIBCO) and 1% antibiotics. For transfec-
tion, cells were trypsinised, and 107-108 cells were washed in
phosphate-buffered saline (PBS), centrifuged, and washed
twice with 5 ml of Opti-MEM medium (GIBCO/BRL). After
centrifugation, the pellet was resuspended in the transfection
mix consisting of 1.4 ml of Opti-MEM medium, 300 ,.g of
Lipofectin (GIBCO/BRL), 40 pug of pAG60 DNA (15) lin-
earized by Cla I, and, where appropriate, 40 ,ug of pBH-4
linearized by Pst I. The latter plasmid was constructed by
filling in the ends of the 1.7-kb BamHI-HindIII fragment of
pBLhRARf3 (provided by Magnus Pfahl; ref. 5) and cloning
in the Sma I site of pSVL (Pharmacia), with the SV40 late
promoter upstream of the 5' end of the cDNA sequence. The
transfection mix was incubated at 370C for up to 20 min,
diluted into 80 volumes ofa-medium supplemented with 10o
fetal calf serum, and plated in two 150-mm dishes, to which
G418 (GIBCO/BRL; effective concentration, 400 ,ug/ml)
was added after 72 hr. Resistant clones, arising at a frequency

Abbreviations: RA, retinoic acid; RAR, RA receptor; SV40, simian
virus 40.
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of _10-6 were picked 3-4 weeks later. Cells were shown to
be mycoplasma-free using the Hoechst stain kit (ICN-Flow).
RNA Analysis. Total RNA was extracted by the lithium

chloride/urea method. Briefly, cells (-4 x 107) were
trypsinized, washed with PBS, pelleted, and kept at -80'C.
RNA isolation was performed by resuspending each pellet in
3-5 ml of a 3 M LiCl/6 M urea solution, sonicating, and
incubating at 40C overnight. The mixture was then centri-
fuged, and the pellets were washed with 2 ml of the LiCl/urea
solution and then resuspended in 1 ml of 10 mM Tris HCl, pH
7.6/1 mM EDTA/0.5% SDS. After a phenol/chloroform
extraction, RNA was ethanol precipitated. RNA extraction
from tumor samples conserved at -80'C was performed the
same way after the samples were homogenized in 5 ml of
LiCl/urea solution using a Polytron homogenizer (Kinemat-
ica, Lausanne, Switzerland). RNase protection assays were
performed using 20 gg ofRNA, following a standard protocol
(2). To detect RAR,3 sequences, we used a probe generated
from Ava I-linearized pBH-2 (2), which carries an insert
corresponding to the 3' end of the coding region of RAR,8.
With this probe, transcripts from the endogenous and trans-
fected RAR,8 sequences generated protected fragments of
different sizes. RNA quantitation was performed by includ-
ing in the reaction mix a probe derived from HindIII-
linearized pBH-11, which carries a human 8-actin BamHI-

A

Sac I fragment of 299 bp, cloned in pGEM-1, yielding a
protected fragment of 213 bp.

Protein Analysis. Fractionation, Western blotting, and im-
munodetection were performed as described (16). RP(,3)F
antibody (C.R.-E., unpublished data) was used to detect the
RAR,8 protein. The specificity of the reaction was assessed
by using the same antibody depleted by incubation with two
peptides covering the F region of RAR(3, peptides PB66, and
SP176 (17).

Tumorigenicity Assays. Cells to be injected were harvested
by trypsinization, washed in PBS, counted, and collected by
centrifugation, and 5.0 x 106 cells were suspended in 0.3 ml
of PBS. They were injected subcutaneously in 4- to 6-week-
old nu/nu CD-1 mice (Charles River Breeding Laboratories).
Tumor volumes were measured weekly using the formula V
= 0.4 x A x B2, where A and B are the larger and the smaller
axis, respectively (18). The latency period was defined as the
period preceding the appearance of a tumor >0.05 cm3.

RESULTS
The CALU-1 line, an epidermoid lung tumor-derived line that
was previously shown to be negative for expression ofRAR,3
(2) and tumorigenic in nude mice (19), was initially chosen for
transfection experiments. The cells were cotransfected with
pAG60 (15), carrying the neo gene, which confers resistance
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FIG. 1. RNase protection assays to determine expression of endogenous and exogenous RARB in CALU-1 and several transfected
derivatives, c19 and c24 (A) and c24, c56, and c57 (B). Hybridizations were performed with riboprobes derived from pBH2 (RARf3) and pBH11
(actin control; see text), and RNase protected fragments are indicated by arrowheads and diamonds, respectively. Filled arrowheads indicate
the expected band from endogenous RAR,, and open arrowheads indicate the band from exogenous RAR. Cell line c19 expressed endogenous
RARB, c24 and c57 expressed the exogenous sequence, and CALU-1 and c56 expressed no RARf3. Undigested probes are identified by plasmid
of origin; M, marker lanes (BRL ladder); lanes C, tRNA control.
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to G418, and pBH-4, bearing the coding sequence of the
human RARE cDNA under the control of the SV40 late
promoter (Materials and Methods). Among 10 clones tested,
6 were shown to express RARf3. By using a probe permitting
the distinction between the endogenous and the exogenous
messages in an RNase protection assay (Materials and Meth-
ods), we found that two of these, c19 and c59, expressed
solely or primarily the endogenous RARp8, whereas the other
four, c24, c57, c64, and c66, expressed the exogenous se-
quences (results for three lines shown in Fig. 1).
The reactivation of the endogenous gene in c19 and c59

may have resulted from the interaction between the RA-
responsive element in the RARf3 promoter (20) and RARf3
proteins expressed from exogenous sequences early in the
transfection process. Subsequent events, such as DNA re-
arrangement during chromosomal integration of the plasmid
sequences, may explain the lack of expression of the exog-
enous RARE at the moment that analysis was performed. We
surmise that by this time the level of endogenous RARJ3 was
sufficient to maintain its own transcription. Southern blot
data from c19 are consistent with this hypothesis, since the
integrated transgene copy in c19 had a rearranged promoter
region. We do not understand the details of this interesting
phenomenon, but in any event the transfection experiments
yielded the desired cell lines that expressed RARf8. A further
clone, c30, was isolated after transfection with pAG60 alone.
RNase protection assays showed that this line expressed no
RARj8 (not shown).
The levels of RAR46 protein were determined in cell lines

CALU-1 and two of the transfectants, c19 and c24, by
Western blotting and immunodetection (Fig. 2). The protein,
visible as a doublet representing different phosphorylated
forms (21), was present in the nuclear fraction ofc19 and c24,
at about the same level in each, but absent in CALU-1 cells.
This was as expected from the results of the RNase protec-
tion assays.
The growth rates of several cell lines in culture were

determined (Table 1). For three RARI3-positive lines, the rate
did not vary markedly from those of CALU-1 or a negative
control clone (c30) that was transfected with pAG60 alone.
Addition of0.1 FLM RA to the medium, however, retarded the
growth of three RARf3-positive lines, increasing doubling

RP3 (F)

Table 1. Growth rates of CALU-1 and transfected derivatives in
the presence or absence of RA

RARE8 Doubling time, days
Cell line expression Without RA With RA Ratio*
CALU-1 - 1.25 1.20 0.96 ± 0.03
c30 - 1.40 1.25 0.9 ± 0.1
c19 + 1.35 1.70 1.26 ± 0.08
c24 + 1.28 1.81 1.41 ± 0.07
c57 + 1.53 1.55 1.01 ± 0.01
c64 + 1.75 2.85 1.63 ± 0.2

Cells were seeded in medium with or without 0.1 IAM RA at 5 x
104 per 60-mm Petri dish and duplicate samples were counted either
daily or every 2 days. Results oftwo (c57 and c64) or three (other cell
lines) experiments were plotted and doubling times were calculated.
*With RA/without RA ± range.

time by up to 60%o. The only line with noticeably slower
growth in the absence of exogenous RA (c64) was also the
most affected by RA (Table 1). One of the cell lines tested,
c19, expressed endogenous RAR,8 only (Fig. 1A) but was still
inhibited to some extent by RA. This suggests that the
endogenous gene carries information specifying functional
RAR8, at least as measured by this parameter.

Tumorigenicity was determined by injecting cells into nude
mice and a striking effect of RARE3 could be seen (Table 2).
Nearly all mice injected with CALU-1 or c30 developed
nodules within 1-2 weeks. The tumors had a similar growth
pattern, typically reaching 0.05 cm3 (usually =0.5 cm in
diameter) within 6-8 weeks. The growth patterns of tumors
derived from the RAR/3-positive clones, c19, c24, c57, and
c64, were very different, with the latency period usually more
than double the RARf3-negative cells, not reaching the
threshold 0.05 cm3 until usually 12-20 weeks after injection
for those cases in which tumors developed. About one halfof
these mice, including all four injected with c64, failed to
develop any measurable tumor at all. Growth rates of the
tumors obtained from RARf-negative and -positive lines
were also different, with average doubling times of 1.5 weeks
and about 5 weeks, respectively. This again indicated that
RARf3 has a tumor-suppressive effect in these cells.
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FIG. 2. RARE8 protein detected in transfectants. (Left) Results of probing cytoplasmic (C) and nuclear (N) fractions of CALU-1 cells and
two derived transfectants with RPB (F) antibody. The expected 51-kDa RAR,8 protein (double-head arrow) is seen in nuclear extracts of c19
and c24. The two bands represent different phophorylated forms (21). Contamination by nuclear material explains the faint band seen in lane
C of c24. (Right) Specificity of the reaction is confirmed by absence of the 51-kDa RAR,8 protein upon probing with the same antibody depleted
by incubation with two peptides covering the F region of RAR,3 (see text). Extracts from COS-1 cells expressing very high levels of the murine
RAR,62 were used as positive controls (COS-,32).
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Table 2. Tumorigenicity of the CALU-1 cell line and
its derivatives

Mean Mean doubling
Cell RAR/3 No. of tumors/ latency, time, weeks
line expression no. of injections weeks (range)

CALU-1 - 14/15 8.6 1.5 (1-2.3)
c30 - 6/6 6.5 -1.2 (1.03-1.5)
c19 + 7/12 19 5.6 (3.5-7.0)
c24 + 6/9 16 4.1 (2.0-7.0)
c57 + 2/4 13 2.7 (2.0-3.5)
c64 + 0/4 >16

Cells (5 x 106) were injected subcutaneously into the lumbrosacral
region or, in some instances, into the thigh or the cervical region.
Tumors were measured weekly. Injections scored as negative were
monitored for :15 weeks, except for one of c19, two of c24, and one
of c57, which were followed for between 11 and 13 weeks.

If this is so, one would expect that the phenotype of the
tumors generated from transfected cells may reflect selective
pressure against RARj3 expression. This was tested directly
by measuring the level of RAR8 message in tumors. Four
c24-derived tumors were therefore excised and relative
RAR/3 expression was determined using 3-actin as an internal
control. The results for three tumors (series T c24) are shown
in Fig. 3, and a striking reduction in RARI8 message levels is
seen compared with the corresponding clone c24 (lane 12).
Similar results were obtained for the fourth tumor (not
shown). Densitometry showed that reductions were >10-fold
in all four cases. We also analyzed three c19-derived tumors,
and two of these had about a 5-fold lower level of RARB
message (one shown in lane 5; compare with lane 11). The
third had a marginally higher level than the corresponding
cultured cells (lane 4). As expected, CALU-1-derived tumors
expressed no detectable RARB message (lanes 6-10). Thus,
as has been concluded from similar data with other tumor-
suppressor genes (22, 23), there has in all likelihood been a
selection against expression of the gene responsible for
control ofin vivo growth in six ofthe seven tumors examined.
The one exceptional case probably represents reacquisition
of tumorigenic potential by means of any of a number of
mechanisms not involving reduced RARB transcription.
These include mutation of the RARI8 sequences or events
affecting other genes in the RARI-mediated regulatory path-
way.
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FIG. 3. RNase protection assays to determine relative expression
levels of RAR/3 in various tumors and their corresponding cell lines.
Probes and symbols indicating the expected protected fragments are
as for Fig. 1. T c24 (lanes 1-3) signifies tumors derived from c24; T
c19 (lanes 4 and 5), from c19; etc. Lanes 10-12, cell lines.

Table 3. Tumorigenicity of the H157 cell line and its derivatives

No. of tumors/ Mean latency,
Cell line no. of injections weeks

H157 6/6 4.7
c223 5/6 4.7
c226 3/10 10.8
c228 0/6
c232 1/4 9.3
c236 4/6 7.4
c237 2/8 4.7

Cells (5 x 106) were injected as described in Table 1. Mice were
observed for >20 weeks.

The cell line H157 was also cotransfected with pBH-4 and
pAG60. Protection analyses using the same probe as in Fig.
1 showed that clones expressing RAR/3 had all activated the
endogenous gene, as was seen for c19 and c59. Six clones that
expressed RAR,3 were analyzed for tumorigenic potential
(Table 3). Overall, 15 of 40 injections of transfected cells
yielded tumors in nude mice, compared with 6 of 6 for the
parental line. In addition, mean latency ofthe tumors that did
appear was substantially longer for RARf3-expressing cells,
being increased by up to 2-fold or more. In general, only one
of the six transfected lines (c223) was at all similar to the
parental line with respect to tumorigenicity and interestingly,
this particular line only expressed a trace of RAR,3 (data not
shown).

Histological analyses were performed on tumors arising
from several of each set of transfectants as well as from
parental lines. In all cases, a poorly differentiated epidermoid
histology was observed. This result is not unexpected since,
at least for CALU-1 derivatives, the tumors tended to have
low RAR,8 expression and in this way resembled the parental
line.

DISCUSSION
The results presented here show that RARI has a role in
growth control of epidermoid lung tumor cell lines. First, we
have demonstrated that RA has a growth-inhibitory effect on
derivatives of CALU-1 cells that express RARI3 but not on
the parental cells. Such inhibition of cell growth in culture is
a characteristic of a number of genes with tumor suppressor
activity. For example, p53 transfected into tumor cells can
arrest growth by blocking progression from Go/G1 to S phase
(24), and the RB-1 gene confers density-dependent growth
inhibition on bladder tumor cells (25). These activities are
thought to reflect roles played by these genes in cell cycle
control. Similarly, the RA-dependent inhibitory effect that
RAR,8 has on epidermoid tumor cell growth in culture (Table
1) probably reflects a biological function of this gene. RAR,8
(as against RARa or RAR'y) is not expressed in undifferen-
tiated human bronchial epithelial cells growing in culture (2,
14) nor in most epidermoid (squamous) lung cancer-derived
cells (2, 13, 14), but it is detectable in total normal lung tissue
(2, 14). RAR,8 may therefore play a critical role in the signal
pathway triggering differentiation and limiting cell division in
normal lung tissue.
The growth inhibition demonstrated here (Table 1), though

not drastic, may nevertheless reflect a partial functioning of
this signal pathway. Tumor cells such as CALU-1 have
undergone many genetic and epigenetic changes that tend to
release the cells from growth control mechanisms, so the
molecular context in which the RARf3-triggered signal path-
way operates in our transfected CALU-1 cells would be
substantially altered from that in normal bronchial epithe-
lium. In this light it is not unreasonable that the simple
introduction of functional RARB may not completely restore
RA responsiveness. Furthermore, other isoforms of RAR/3
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that are generated by alternative splicing in murine cells (26,
27), at least some of which exist in human cells (B.H., M.
Pelletier, and W.E.C.B., unpublished data), may play a
contributory role in this regard, and it will be important to
assess the combined effect of all RARI8 isoforms in this
system.
We have also demonstrated an inhibitory effect of RAR,8

on the tumor-forming ability of CALU-1 and H157 cells. All
parameters oftumor growth-incidence of take, latency, and
growth rate-were affected in virtually all RAR(3-expressing
transfectants analyzed. Furthermore, in most cases in which
tumors were analyzed, RAR,8 expression was greatly or at
least substantially reduced. All ofthese observations argue in
favor of a role for RARf in tumor suppression. This effect
may be in part due to the RA-dependent inhibitory effect on
growth observed in culture, since the in vivo environment
presumably contains RA. However, this cannot satisfactorily
explain the full in vivo effect, since the concentrations of the
ligand at which we detected the inhibitory effect are >100-
fold higher than physiological levels. When 1 nM RA was
tested, inhibition was only 14% for c24 and negligible for c19
(data not shown). In addition, cell line c57 was unaffected by
RA in culture, even at 0.1 AuM, but still had much reduced
tumorigenicity. Thus RAR, decreased the tumor potential of
the CALU-1 cell line by mechanisms other than simple
growth inhibition.
What could these mechanisms involve? We cannot yet

answer this question definitively, but recent work document-
ing the interactions between RARs and other transcription
factors may provide some hints. For example, RARs and AP1
(a complex formed byjun-jun andjun-fos dimers, ref. 28) can
act antagonistically to each other (29, 30). This antagonism
has been directly implicated in the regulation of collagenase
(30) and stromelysin (29), two genes that play key roles in
tumor potential and invasiveness by allowing remodeling of
the extracellular matrix. In our system, RAR,8 may be acting
by negatively regulating genes such as collagenase and
stromelysin, whose action depends upon, or is directed
toward, elements ofthe in vivo environment. Such a negative
effect would not be manifested in cells growing in culture
since these elements are absent. Therefore, RARB may act as
a tumor-suppressor gene by more than one mechanism.
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